f Superinfection occurs when a second, genetically distinct pathogen strain infects a host that has already mounted an immune response to a primary strain. For antigenically variant pathogens, the primary strain itself expresses a broad diversity of variants over time. Thus, successful superinfection would require that the secondary strain express a unique set of variants. We tested this hypothesis under conditions of natural transmission in both temperate and tropical regions where, respectively, singlestrain infections and strain superinfections of the tick-borne pathogen Anaplasma marginale predominate. Our conclusion that strain superinfection is associated with a significant increase in variant diversity is supported by progressive analysis of variant composition: (i) animals with naturally acquired superinfection had a statistically significantly greater number of unique variant sequences than animals either experimentally infected with single strains or infected with a single strain naturally, (ii) the greater number of unique sequences reflected a statistically significant increase in primary structural diversity in the superinfected animals, and (iii) the increase in primary structural diversity reflected increased combinations of the newly identified hypervariable microdomains. The role of population immunity in establishing temporal and spatial patterns of infection and disease has been well established. The results of the present study, which examined strain structure under conditions of natural transmission and population immunity, support that high levels of endemicity also drive pathogen divergence toward greater strain diversity.
A
ntigenically variant pathogens establish persistent infection in their mammalian hosts by sequential generation of new variants that escape immune clearance (13, 22) . Overrepresented among both sexually transmitted and vector-borne pathogens, these include agents responsible for many of the poorly controlled infectious diseases of animals and humans (13, 22, 23, 26, 40) . Continual molecular variation, effected via diverse mechanisms from mutation in RNA viruses to recombination of large multigene families in bacteria and protozoa (13, 21) , must generate sufficient structural change to evade recognition by existing immune effectors. The result is the presence within the host of a diverse oligoclonal or polyclonal population of structurally unique pathogens derived from the original infecting strain (13, 25, 26, 36) .
Superinfection occurs when a second, genetically distinct pathogen strain infects a host that has already mounted an immune response to a primary strain (37) . For antigenically variant pathogens, the implied hypothesis is that the superinfecting strain is sufficiently different to generate its own unique, nonoverlapping oligoclonal or polyclonal variant population. We tested this hypothesis by examining Anaplasma marginale variant population structure in experimental infections and in natural infections within temperate and tropical regions where, respectively, singlestrain infection and strain superinfections predominate.
A. marginale is a rickettsial pathogen that establishes persistent infection in ruminant hosts, domestic and wild, as a reservoir for onward tick-borne transmission (27) . Persistent bacteremia is mediated by variation of the immunodominant outer membrane protein, major surface protein 2 (Msp2) (4, 8, 9, 14, 15) . Msp2 variants are generated by a process of gene conversion in which donor alleles or oligonucleotide segments of the alleles are recombined into an expression site (4, (7) (8) (9) . This mechanism is common among numerous bacterial and protozoal pathogens, including those causing relapsing fever, sleeping sickness, and syphilis (5, 11, 19, 31, 33, 42) . The resulting new Msp2 variants evade recognition by the existing immune response (14) . Over time, the variant population becomes increasingly complex; this diversity can be quantified at the pathogen population level within individual animals (17) and, collectively, within an animal population. This allows testing the hypothesis that maintaining superinfection in the host is linked to marked expansion of variant diversity. Acceptance of this hypothesis would support a requirement that the second strain establishes infection by the same mechanism by which a primary strain persists-generation of new variants. Rejection of this hypothesis would indicate that superinfection is permitted or blocked by a distinct mechanism, which was recently established to occur at the host tissue level for Plasmodium falciparum (32) . Herein, we report testing this hypothesis and discuss the results in the context of determinants of pathogen strain structure under conditions of natural transmission.
MATERIALS AND METHODS
Quantification of Msp2 variants in single-strain infection and superinfection. A. marginale single-strain infections were established experimentally using the St. Maries, EM, and 6DE strains (29, 34) . Naïve calves, verified as uninfected using the Msp5 competitive enzyme-linked immunosorbent assay (C-ELISA) serologic assay, were infected with A. marginale of each strain (38) . For experimental superinfection, primary infection was established by intravenous inoculation with the 6DE strain followed by feeding Dermacentor andersoni ticks infected with the St. Maries strain (16, 35, 39) . The strain typing and complete msp2 allelic repertoire for each of these strains have been reported previously (7, 12, 29, 34) . To capture both the complete donor allelic repertoire and the expressed variant population, primers were designed to amplify the msp2 conserved regions flanking the central hypervariable region (HVR). Briefly, one universal forward primer and five unique reverse primers were designed to amplify the conserved regions of msp2 alleles. The primer sequences are as follows: universal forward, 5=-CTG CTT TAG GTA AGA TGA CTA AGR GTG ARGC-3=; reverse 1, 5=-GCT ATT AAT GTT GCC CGC CAT CCC-3=; reverse 2, 5=-GCC ATT GAT GTT RGT TGC CAT CCC-3=; reverse 3, 5=-CTC AGG YTA TTA ATG TTA TTC GCC ATYCC-3=; reverse 4, 5=-GCC ATT AAT GTT GCC CGC CAT CCC-3=; and reverse 5, 5=-CCA TTG ATG TTA TTC GCC ATT CC-3=. The reaction was conducted in a 25-l reaction mixture containing 5 l of extracted genomic DNA, 12.5 l of PCR master mix (Roche), and a 1.6 M concentration of each primer set. The PCR was carried out under the following conditions: 95°C for 2 min; 30 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 30 s; final extension at 72°C for 3 min; and holding at 4°C. Following PCR amplification, amplicons from each primer set were cloned into pCR-4 TOPO vector (Invitrogen) and used to transform Escherichia coli; colonies containing inserts were then selected for sequencing. A minimum of 96 clones from each primer set were sequenced by using the BigDye kit and ABI Prism automated sequencer. Sequences were compiled and initially analyzed using the VECTOR NTI software suite (Invitrogen).
Once verified to capture the complete allelic repertoire, the same approach was used for single-strain infections and superinfections occurring under conditions of natural transmission. Animals in the states of Oregon and Washington in the United States and the state of Nayarit in Mexico were initially screened serologically using Msp5 C-ELISA, and positive animals were confirmed by msp5 PCR. These populations are referred to as "temperate" and "tropical," respectively; the temperate region populations were located between 43 o 59=N and 48 o 71=N, while the tropical region populations were located between 20 o 36=N and 23 o 05=N. Amplification and sequencing of the msp2 allelic repertoire were done as for the experimental infections. The total number of unique sequences was determined for each infected animal and within each of the three infected populations: control (experimental infections), temperate, and tropical (natural infections). For independent determination of strain composition, the single-copy msp1␣ gene was PCR amplified and sequenced using primers and conditions previously described in detail (29) . The GenBank accession numbers are presented at the end of Materials and Methods.
Dissimilarity among the Msp2 variant population. To measure dissimilarity (or breadth of variant population) both within each animal and within each animal population, HVR sequences were aligned using the open-source software program AlignMe (Alignment of Membrane Proteins) with the Blosum62 scoring matrix (20, 24) . The Blosum matrix is based on the statistics of amino acid substitutions among clustered sequences. Each variant sequence is compared pairwise with all others within the same infected animal; the diversity scores of individuals within the three populations were determined, and the mean diversity for each population was calculated. Relative mismatch/match and negative/positive scores were used to account for differences in length as the size of the encoded HVR differs among msp2 alleles within and among strains; gap penalties of 10 and 1 were used for opening and extension gaps, respectively.
Identification of and combinatorial diversity among hypervariable region microdomains. To identify variable microdomains within the Msp2 HVR, unique Msp2 sequences were screened for conserved residues within the HVR using an in-house visualization program. After visually validating the conserved features, the identified hypervariable microdomains within the HVR were then used in two separate analyses to examine their contribution to overall diversity. Each complete HVR sequence can be considered a combination of these microdomains. For the first analysis, the total number of possible permutations of the microdomains was determined using i ϫ j ϫ k, where i is the number of unique sequences in microdomain 1, j is the number of unique sequences in microdomain 2, and k is the number of unique sequences in microdomain 3. A larger number of distinct combinations indicates greater diversity. For the second analysis, the hypervariable microdomains were clustered using the serial version of the open-source software program pClust (41) . The pClust program uses the Smith-Waterman algorithm to perform pairwise comparison of protein sequences and creates a graph from the results. Each graph node represents a sequence, and edges connect related sequences with an alignment score greater than a given cutoff value; clusters of similar proteins are created from the graph based on the number of edges between nodes. Based on the cluster information, all theoretical permutations of the microdomains can be determined: for example, if the numbers of clusters for the three microdomains are c1, c2, and c3, respectively, then the number of possible combinations is c1 ϫ c2 ϫ c3.
Nucleotide sequence accession numbers. The GenBank accession numbers for the sequences determined in this study are as follows: experimental single-strain infections (control), JQ933531 to JQ933589; experimental strain superinfections, JQ933590 to JQ933613; natural infections in the tropical region, JQ933614 to JQ933796; and natural infections in the temperate region, JQ933797 to JQ933847.
RESULTS

Quantification of Msp2 variants in single-strain infection and superinfection.
The method for identifying the msp2 variant repertoire was validated using experimental infections with each of three A. marginale strains with unique allelic repertoires. In each infection, the amplification and sequencing approach identified all of the msp2 donor alleles (Table 1) . Importantly, the full allelic repertoire could be identified during both acute and persistent bacteremia ( Table 1 ). The mean number of unique variants for this control group of experimental, single-strain infections was 11.6 Ϯ 3.1. Independent amplification of msp1␣ confirmed the A. marginale strain identity and the presence of only the single infecting strain (Fig. 1) . The full sets of alleles could also be detected in experimental superinfections using the 6DE and St. Maries strains (Table 1 and Fig. 1 ).
The number of unique variants was determined for naturally infected individual animals in both the temperate and tropical regions. Infected animals in the temperate region had a mean of 13.3 Ϯ 3.6 unique variants, while those in the tropical region had a mean of 46.6 Ϯ 7.8 variants. The number of unique variants in the tropical region was significantly greater than that in the temperate region and compared to the single-strain experimental controls (P Ͻ 0.0001; Student's t test with Bonferroni's correction for multiple comparisons). In contrast, there was no difference between the temperate region animals and the single-strain controls (P ϭ 0.38). Genotyping based on the msp1␣ strain marker identified only a single strain in 90% of the animals within the temperate populations. In contrast, Ͼ95% of the tropical region animals contained more than one msp1␣ genotype, indicative of superinfection, with a range of 2 to 5 strains in individual animals ( Fig. 1) .
Dissimilarity among the Msp2 variant population. To determine whether the quantitative increase in the number of unique variants represented an increase in diversity among the variant population, all variants within an individual were compared pairwise. Using both mismatch/match ( Fig. 2A) and negative/positive (Fig. 2B ) metrics for comparison, naturally infected animals within the tropics revealed significantly greater dissimilarity in their variant population compared to animals infected under conditions of natural transmission in a temperate region and compared to animals infected with a single strain experimentally. There was no significant difference in dissimilarity with either metric (P Ͼ 0.20) between the experimental infections and the temperate region infections. The slightly greater variability in the experimental infections may reflect the inclusion of animals infected by direct intravenous inoculation rather than via feeding of infected ticks, which constitutes a bottleneck in variant diversity (28) .
Identification of and combinatorial diversity among hypervariable region microdomains. Initial examination of the 388 unique Msp2 sequences in the single-strain experimental infections and both the temperate and tropical populations revealed 10 highly conserved "tethers" within the hypervariable region. These 10 tethers consisted of 1 to 6 amino acids and were conserved in 373/388 sequences (Fig. 3) . The remaining 15 sequences contained a minimum of eight of the tethers but were excluded from further microdomain analysis. Utilizing these highly conserved tethers, the overall HVR was separated into three hypervariable microdomains. The number of unique combinations of these microdomains provided a measure of dissimilarity unbiased by the conserved residues: there were 112 unique microdomain combinations among the variants in the tropical group, with 57 in the temperate group and 32 in the experimental single-strain controls. Cluster analysis, using pClust, was used to identify microdomain combinations that generated markedly distinct Msp2 variants, controlling for those microdomains that are very similar and unlikely to yield structurally unique variants. The specific connectivity between these individual microdomains-how frequently one microdomain is present with another for each variant in each individual infection-was determined for each population (Fig.  4) . While the numbers of theoretical microdomain combinations were not significantly different among the three populations, the actual number of combinations (Fig. 4) was significantly higher (P Յ 0.01) for the tropical population than those for either the control or temperate populations.
DISCUSSION
The present study has three new findings relevant to understanding the strain structure of highly antigenically variant pathogens. The first is that strain superinfection is associated with a significant increase in variant diversity-thus, we accept the primary hypothesis of the study. This conclusion is supported by progressive analysis of variant composition: (i) animals with naturally acquired superinfection had a statistically significantly greater 
The chromosomal sets of alleles as defined in references 7 and 34. The St. Maries and 6DE strains share 4 alleles (34); the EM strain has a completely distinct set of alleles. number of unique Msp2 sequences than animals either experimentally infected with single strains or infected with a single strain naturally, (ii) the greater number of unique sequences reflected a statistically significant increase in primary structural diversity in the superinfected animals, and (iii) the increase in primary structural diversity reflected increased combinations of the newly identified hypervariable microdomains. These findings under conditions of natural transmission are consistent with those from previous experimental studies in which A. marginale strain superinfection was established when the second strain differed in its msp2 allelic repertoire compared to the primary strain and the unique alleles were expressed by the second strain at the time of superinfection (16, 18) . The ability to detect all donor alleles and an oligoclonal repertoire of expressed variants using strains for which the complete allelic repertoire has been sequenced provides confidence that the technical approach captured the Msp2 diversity in the experimental infections. Whether this approach captured the full diversity of the naturally occurring superinfections is unknown. However, failure to capture the full diversity would underestimate rather than overestimate the number and diversity of variants in superinfections. Thus, the results should be considered a minimum expansion of variant diversity in superinfection, especially when there are more than two established strains.
The second finding is the identification of a high rate of strain superinfection in animals naturally infected within the areas of high transmission. Previous studies in temperate regions indicated that strain superinfection is relatively uncommon, with detection in 0 to 10% of naturally infected animals (29, 30) . In the present study, the temperate region population represented cohorts of two groups of 406 animals. The incidence of confirmed superinfection was 10%. In contrast, Ͼ95% of the cohort of the 112 tropical region animals revealed superinfection with 2 to 5 genotypically distinct strains. Importantly, this observation supports an overarching epidemiologic theory for the occurrence of strain superinfection (26) . The allelic divergence among strains has been theorized to be driven by the requirement for superinfection in regions of endemicity with a high degree of population immunity. In temperate region populations, the low infection prevalence results in a significant percentage of uninfected, immunologically naïve animals that can be infected by a primary circulating strain. Consequently, there is minimal if any pressure for allelic divergence and strain superinfection. In contrast, in tropical regions there are very few naïve animals and a high degree of population immunity to the allelic repertoire represented by the primary strain. This creates a niche for a second strain with a diverse variant repertoire to evade this immunity by expression of unique variants. Our results presented here, based on patterns of superinfection under conditions of natural transmission, strongly support this epidemiologic basis.
The third new finding is the identification of Msp2 hypervariable microdomains. Based on analysis of ϳ400 unique variants derived from both temperate and tropical region strains, there are three distinct variable microdomains separated by short but highly conserved elements. The overall Msp2 primary structure is hydrophobic N-and C-terminal regions flanking the central hydrophilic surface domain (8, 17) . The N-and C-terminal regions, which form ␤ barrels, are highly conserved among all variants, and the encoding 5= and 3= domains provide the "anchor" points for gene conversion (8, 17) . Although conserved, these N-and C-terminal regions are poorly immunogenic and only very weakly bound by antibody from either natural infection or in immunized and protected animals (1, 3, 43) . In contrast, the hydrophilic central region is surface exposed and highly immunogenic but also highly variable among donor alleles within a strain and alleles across strains (1, 3, 16, 34, 43) . The identification of the hypervariable microdomains separated by conserved oligopeptides provides a foundation for understanding how the process of segmental gene conversion, which essentially assembles the various microdomains in the central region (4, 9, 17) , generates a unique variant but allows retention of sufficient structural integrity to maintain Msp2 membrane location and function. This process and structure are analogous to those employed by both Borrelia burgdorferi VlsE and Treponema pallidum TprK: VlsE variants are generated from combinations of six variable microdomains, while TprK variants are generated from seven (26) . All three pathogens utilize segmental gene conversion, thus linking the mechanism to the variable microdomain structure.
The role of population immunity in establishing temporal and spatial patterns of infection and disease has been well established (2) . The results of the present study, which examined strain structure under conditions of natural transmission and population immunity, support that high levels of endemicity also drive pathogen divergence toward greater strain diversity. We propose that this model for divergence will be broadly applicable to antigenically variable pathogens, especially those such as African trypanosomes that have the genomic capacity to generate allelic diversity (5, 6) . Understanding the selective forces under conditions of natural transmission and among populations with different levels of immunity underlies our ability to better predict and respond to shifts in disease patterns.
FIG 4 Connectivity between individual hypervariable microdomains among
Msp2 variants. The frequency with which one microdomain is present with another for each variant in each cluster was determined for each population. The number of variants within each cluster is indicated within the circle. Line thickness represents the actual connections between microdomains; the connectivities between microdomains 1 and 2 and microdomains 2 and 3 were independent. The observed number of independent combinations was significantly higher (P Յ 0.01) for the tropical population than those for either the control or temperate populations.
